An analytical solution of the point kinetics equations to calculate reactivity as a funcion of time by the Decomposition method has recently appeared in the literature. In this paper, we go one step forward, by considering the neutron point kinetics equations together with temperature feedback effects. To accomplish that, we extended the point kinetics by a temperature perturbation, obtaining a second order nonlinear ordinary differential equation. This equation is then solved by the Decomposition Method, that is, by expanding the neutron density in a series and the nonlinear terms into Adomian Polynomials. Substituting these expansions into the nonlinear ordinary equation, we construct a recursive set of linear problems that can be solved by the methodology previously mentioned for the point kinetics equation. We also report on numerical simulations and comparisons against literature results.
INTRODUCTION
The point reactor kinetics equations with temperature feedback corresponds to a stiff system of nonlinear differential equations for the neutron density and delayed precursor concentrations. These variables determine the time-dependent behavior of the power level of a nuclear reactor and are influenced, for example, by the position of the control rods. Computing solutions of the equations of point kinetics provide information on the dynamics of nuclear reactor operation and are useful, for example, in understanding the power fluctuations experienced during startup or shutdown, when the control rods are adjusted. Recently, a large number of kinetics studies have been reported ( [1] to [12] ), who modeled the time-dependent behavior of a nuclear reactor using point-kinetic equations.
As pointed out by many authors, this system of point kinetics equations continues to be an important set of equations. Although its range of applicability has been severely restricted by the increasing importance of optimal power reactor cores with loosely coupled, they remain very useful in terms of preliminary studies, especially when control aspects are considered. The presence of temperature feedback is useful to provide an estimate of the transient behavior of reactor power and other system variables of the reactor cores that are very tightly coupled.
In this paper, the point reactor kinetics equations in the presence of Newtonian temperature feedback are reduced to a second order nonlinear differential equation in a simple form convenient for application of Adomian's method ( [13] [14] ). The basic idea consists in expanding the solution in series of functions and the nonlinear term is expanded in polynomials defined by Adomian. Substituting these expansions into the original equation, a recursive linear system is built, which is then solved analytically. This technique has been applied to a broad class of problems in physics, mathematics and engineering.
Here we show a solution in analytical form for the point kinetics equations with temperature feedback in the presence of one group delayed neutrons concentration. The reactor is assumed to be initially critical at some steady power level and a Newtonian feedback model is being assumed for the fuel temperature equation. Practical use of the method is tested with different types of step reactivity input and compared with results of the literature.
THE KINETIC MODEL WITH TEMPERATURE FEEDBACK
The model used in this study starts from the point kinetics equations and one group precursors as reported in ref. [7] , where n(t) is the neutrons population, C(t) is the concentration of delayed neutrons precursors, T (t) is the temperature of the core,ρ(T ) is the reactivity (which depends on the temperature T ), β is the delayed neutron fraction, L is the prompt neutrons generation time,λ is the average decay constant of the precursors.
This equation system is extended by a perturbation in form of an temperature feedback, where the perturbation may be understood as a change in the nuclear system configuration, with a consequence of an altered specific heat flow that induces a change in the temperature. Since the source of heat production are the nuclear processes, we assume that the thermal change rate may be related to the neutron density, which in its simplest form is linear.
In this sense the equation for the temperature change rate is a perturbation where the proportionality constant H signifies a parameter for the influence of the change of heat flow on the rate of temperature change. Thus, the linear relation between temperature change rate and neutron density supplies with a feedback mechanism.
As the equation system is formed by first order differential equations, it is necessary to know the initial conditions of each of the variables to determine a unique solution of the problem. Thus, we consider the reactor initially at equilibrium (n (0) = 0), with known initial power and temperature (n(0), T (0)). The equilibrium condition allows us to calculate the initial concentration of delayed neutrons precursors as:
In the model discussed in this work, the variation of reactivity with temperature is given by the following equation:
where ρ(0) is the initial reactivity and α is the fuel temperature reactivity coefficient.
Substituting (5) in equation (1) results in:
Representing such a system in matrix form is not convenient, since the product T n appears in the first equation. Thus, we chose to decouple the equation system. From the first equation, we have:
. Differentiating (8) with respect to time leads to
substituting (9) into (10) results in:
and substituting (5) back in a yields
Upon substituting a and a in (11) establishes the non-linear second order differential equation for the neutron density:
Passing the non-linear terms and the ones with the products T n and T n to the right hand side, we get:
Thus, the system that represents the problem is:
and S is given by
Therefore, the system to be solved is represented by a pair of coupled equations. Moreover, the concentration of precursors does not appear explicitly, but can be calculated at any given time from the known values of power and temperature. However, one still faces the difficult that arises because of the non-linear term in the source term of the first equation. To solve this problem, we used the Decomposition method and Adomian polynomials.
Decomposition
The decomposition method, already successfully applied to problems of point reactor kinetics as shown in [11] . The procedure consists in expanding in a series the neutron density, the temperature and the non-linear source term, rearranging the system in an ordered fashion, that appears more convenient for constructing a solution. There are multiple ways of rearranging terms, however the one used in this paper was found by the first author to be the more stable one.
First, we defined:
where A j are the Adomian's polynomials (which replace the non-linearity n 2 ) and the S j are given by equation (18) and depends only on terms already determined in the previous recursion steps with expansion indexes (r < j), i.e.
We made use of freedom to chose the initialization condition S 0 = 0 and S j (with j 1) given by the following recursion:
This way, for each value of the subscript j a system with two differential equations is built. Starting with j = 0:
This first system is solved using the initial conditions n(0), ρ(0) and T (0), as well as the kinetics parameters λ, β, L e H. From the first equation, we have:
where k 1 and k 2 are the roots of the characteristic equation associated with n 0 (t). Using this result, we compute T 0 (t) as:
After evaluating n 0 and T 0 , it is possible to calculate S 1 using (22). This way, the second system is:
It is noteworthy that by construction the initial conditions for all the systems with subscript j > 0 are:
that is, all the initial conditions given in the problem are used to solve the first system (j = 0).
From the second recursive step on, the non-linearity is present and the introduction of the Adomian polynomials is required. The Adomian polynomials are an option to deal with differential equations containing non-linear terms. These terms are expanded in a recurrent series, which is not unique. The form chosen to represent the non-linearity n 2 in the present work is [13] [14] [15] :
. . .
Now, with the known expressions of T 0 , n 0 , n 0 , A 0 e S 1 , we can solve the system (16) (17) for j = 1:
By virtue, the complexity of the systems grows fast, and in order to simplify this problem we opted to divide the time range in steps of equal duration ω, proceeding as follows:
1. Evaluation of n 0 (t) from it's homogeneous equation (23).
2. Using n 0 (t) we evaluate T 0 (t) according to (25).
3. S 1 (ω) and A 0 (ω) are obtained using the values T 0 (ω) and n 0 (ω), so that S 1 and A 0 are constants (and not time-dependent expressions)
4. The first equation of (26) is solved. This is a non-homogeneous second order differential equation, and we are interested in the particular solution (since the homogeneous had already been solved in the previous system). 5 . T 1 (ω), S 2 (ω) and A 1 (ω) are evaluated following the steps 2 and 3. This proceeds until the desired convergence is achieved.
6. Finally, we have
7. Those values are used as initial conditions to the next time step, repeating until we reach a final time t max .
RESULTS
Following the method previously discussed, the cases presented in [7] were evaluated, using the following nuclear parameters: β = 0.0065, L = 0.0001s, λ = 0.07741s
)n(0)and three cases for the initial reactivity ρ(0) = 0.2β, ρ(0) = 0.5β and ρ(0) = 0.8β. The time step was chosen as ω = 0.01s and the recursion was truncated at j = 4.
Figures (1), (2) and (3) represent the behavior of the power of the core with initial reactivities ρ(0) of 0.2β 0.5β and 0.8β respectively. The tables show the comparison between the values obtained numerically in [7] and by the Decomposition method and their mutual asymmetry ∆ = 2 × Decomposition−N umeric Decomposition+N umeric
[%], for both the power and the temperature of the reactor. Units used seconds for time, MW for power and K for temperature. 
CONCLUSIONS
In the present work we developed a closed form solution for the point kinetics equations, considering the temperature feedback to reactivity. The obtained results coincide almost perfectly with those from [7] and in this sense we are aware that our numerical findings do not bring new insights. Nevertheless, the present approach is considered a step into a new direction, where in a more complex context our closed form approach will show its efficiency. It is noteworthy, that the considered problem if implemented numerically has to face the stiff character of the equations. Since the present approach allows in principle an analytical derivation of the terms that constitute the solution (note, for computational convenience we introduced a segmentation of the problem into small time intervals), so that in principle no instabilities due to the computational implementation occurs. In the present studied case such an effect did not occur in the numerical implementation (from ref. [7] ), but for more complex scenarios such as differentiating six precursor groups with its characteristic time scales, effects due to the stiffness character are likely to occur, and exactly for those cases the present approach is designed. The precision of our calculations could already be achieved truncating the recursive scheme after 4 steps, which shows that the stopping criterion already reflects some property concerning convergence of the way the non-linearity was cast into the Adomian scheme. The analysis of convergence is not the focus of the present work and for a rigorous discussion we refer to a future work, however, there exists an analysis of the method, that shows that the present scheme is likely to converge in a stable fashion already for a small number of terms of the solution expansion, as shown in ref. [15] . Concluding, we showed that the approach works, so that in future extensions, we will consider calculations, that consider temperature effects and the question of reactor criticality.
